11 Motile eukaryotic flagella beat through coordinated activity of dynein motor proteins yet the 12 mechanisms of dynein coordination and regulation are incompletely understood. The inner 13 dynein arm IDA f/I1 complex and the tether/tether head (T/TH) complex are thought to be key 14 regulators but, unlike IDA f/I1, T/TH proteins show limited conservation across flagellates. Here 15 we characterised T/TH-associated proteins in the protist Leishmania mexicana. Proteome 16 analysis of DCFAP44 mutant axonemes showed that they lacked IDA f/I1 protein IC140 and 17 a novel 28-kDA axonemal protein, LAX28. Sequence analysis identified similarities between 18 LAX28 and the uncharacterised human sperm tail protein TEX47, sharing features with 19 sensory BLUF-domain proteins. Leishmania lacking LAX28, CFAP44 or IC140 retained some 20 motility albeit with reduced swimming speed and directionality and a propensity for flagellar 21 curling. Expression of tagged proteins in different null mutant backgrounds showed that the 22 axonemal localisation of LAX28 requires CFAP44 and IC140, and the axonemal localisations 23 of CFAP44 and IC140 both depend on LAX28. These data demonstrate a role for LAX28 in 24 motility and show mutual dependencies of IDA f/1I and T/TH-associated proteins for axonemal 25 assembly in Leishmania. 26 27 2
Introduction

31
Eukaryotic cilia and flagella are highly conserved structures found in organism ranging from 32 the unicellular green algae Chlamydomonas and protists such as Leishmania to specialized 33 cells in metazoans, including humans. Even though cilia and flagella have highly conserved 34 microtubule arrangements, structural alterations generate diversity, allowing them to exhibit 35 different behaviours in the context of their biological function, such as signalling and motility. 36
Dysfunctions in motile and/or non-motile cilia in humans are linked to numerous diseases 37 collectively called ciliopathies. At least 187 ciliopathy-associated genes have been identified 38 (Reiter and Leroux, 2017) ; defects in motile cilia have been shown to cause hydrocephalus in 39 the brain, chronic respiratory problems and male infertility (Mitchison and Valente, 2017) . 40
Motile axonemes typically have nine microtubule doublets, consisting of an A and B 41 microtubule, and a central pair complex of two singlet microtubules. Dynein motor proteins 42 arranged along the axoneme undergo a mechano-chemical cycle of pre-and post-power 43 stroke conformational changes powered through the hydrolysis of ATP (Lin and Nicastro, 44 2018) (King, 2018) . Since doublet microtubules are connected by tektin protofilaments and 45 anchored in the basal body, conformational changes of dyneins cause the microtubules to 46 slide against each other, resulting in flagellar bending. What remains a topic of great interest 47 is to understand the spatio-temporal coordination of the different dynein isoforms to generate 48 the observed flagellar waveforms (reviewed in Lindemann and Lesich (2010) ). 49
The axoneme is organized longitudinally in regular 96 nm repeat units. Outer dynein arms 50 (ODAs) are homogeneously spaced every 24 nm and provide the power by determining the 51 beat frequency. Inner dynein arms (IDAs) control size and shape of the forward and reverse 52 ciliary bend (bend amplitude). The seven subspecies of IDAs (dyneins a, b, c, d, e, f/I1 and g) 53 are each uniquely positioned within the 96 nm repeat unit (Bui et al., 2012; Heuser et al., 2012) . 54
Additional complexes including the calmodulin and spoke associated complex (CSC) (Dymek 55 et al., 2011) , the modifier of inner arms (MIA) complex (Yamamoto et al., 2013) The tether/tether head complex (T/TH) has recently emerged as a new complex linked to IDA 81 f/I1. It was first described in Chlamydomonas, where cryo-electron tomography identified the 82 T/TH structure as a link between the A-tubule and the 1a HC motor domain of IDA f/l1 (Heuser 83 et al., 2012) . T/TH proteins FAP44 and its paralogue FAP43 were subsequently shown to be 84 required for assembly of the IDA f/I1 head, but not entire complex, and they are needed for 85 regulating conformational changes of IDAs, as well as transferring their activity into microtubule 86 sliding motion Kubo et al., 2018; Urbanska et al., 2018) . 87 FAP43 and FAP44 are part of a core group of 50 genes conserved in organisms with motile 88 flagella (Baron et al., 2007) . Their human orthologues CFAP43 and CFAP44 have been linked 89 to non-syndromic male infertility (Krausz et al., 2015; Okutman et al., 2018; Tang et al., 2017) 90 and loss-of-function studies confirmed a role in motility in the protists Trypanosoma brucei 91 (Coutton et al., 2018) and Leishmania mexicana (Beneke et al., 2019) . The conserved Fap57p 92 has also been proposed to be linked to the T/TH complex . Additional 93 components of the T/TH complex identified to date appear to be less widely conserved, such 94 as Chlamydomonas FAP244 , MOT7, FAP102 and Cre10.g452250 (Kubo et 95 al., 2018) . 96
Since we found that L. mexicana CFAP44 knockout mutants exhibited a strong motility defect, 97 characterized by reduced swimming speed, reduced directionality (velocity/speed) and a 98 propensity for flagellar curling (Beneke et al., 2019) we sought to identify other Leishmania 99 T/TH proteins through quantitative proteomics of flagellar skeleton preparations from CFAP44 100 null mutants and control cells. This identified a previously uncharacterized flagellar protein, 101 LAX28. Further characterisation showed that LAX28, CFAP44 and the IDA f/I1 protein IC140 102
show mutual dependencies for localization to the flagellar axoneme and loss of LAX28 causes 103 a similar motility defect as loss of the T/TH or IC140. Interestingly, sequence analysis identified 104 the human protein TEX47 as a putative orthologue of LAX28, suggesting a possible role for 105 this uncharacterised human protein in sperm motility. 106 NaCl-extracted flagella (Robinson and Gull, 1991) were further purified by running them over 118 a sucrose gradient ( Fig. 1 A, motile flagellum form the cell body, the salt-extraction protocol preserved the connection with  128 the basal body (Robinson and Gull, 1991) . Consequently, a large number of proteins 129 associated with the basal body, flagellar attachment zone (FAZ), intraflagellar transport (IFT) 130 and tripartite attachment complex (TAC) were also identified (S2 Table) , further expanding the 131 inventory of L. mexicana flagellum-associated proteins. 132
Results
107
Identification of proteins missing from ΔCFAP44 mutants axonemes
To test for protein enrichment between the ΔCFAP44 and parental flagella, a label-free 133 normalized spectral index quantitation method SINQ (Trudgian et al., 2011) was used (S1 and 134 S2 Table) . 65 proteins were exclusively identified in the parental controls cells, while 32 135 proteins were exclusively identified in ΔCFAP44 mutants. (Table 1 , S1 and S2). We confirmed depletion of IC140 from ΔCFAP44 mutant flagella by 145 tagging IC140 with eYFP and subsequently deleting CFAP44 in IC140::eYFP tagged cells ( indicating that flagellar localisation of IC140 depends on CFAP44 in Leishmania (Fig. 2 A) . 150
We next focused on a hitherto uncharacterized protein that was completely absent from Δ 151 CFAP44 flagella ( 
Axonemal localisation of LAX28 depends on CFAP44 and IC140
156 To provide MS-independent evidence that the flagellar localization of LAX28 is dependent on 157 CFAP44, LAX28 was tagged with mNeonGreen (mNG) and tagged cells were then subjected 158 to deletion of either CFAP44, IC140, DRC2, Hydin, LC7, PF16 or RSP3 (Fig. 2 B) . Deletion of 159 the open reading frame (ORF) was confirmed by PCR ( Fig. S2 A, C-E). As predicted from the 160 proteome data, LAX28::mNG localized to the axoneme of the L. mexicana promastigote 161 flagellum, with some signal also in the cell body ( Fig. 2B ). The flagellar signal was completely 162 lost in ΔCFAP44 and ΔIC140 mutants; these mutants displayed strong fluorescent signal 163 only in the cell body and none in the flagellum. In contrast, deletion of DRC2, Hydin, LC7, PF16 164 or RSP3 did not alter the localization of LAX28::mNG ( Fig. 2 B) . This is consistent with the 165 observed loss of the LAX28 protein from the ΔCFAP44 flagellar protein samples (Table 1) .
166
Furthermore, it showed that loss of IC140 had the same disruptive effect on LAX28 localisation 167 as loss of CFAP44. 168 LAX28 is required for axonemal localization of CFAP44 and IC140 169 We next tested whether loss of LAX28 would in turn affect CFAP44 and IC140 localisation. fusion proteins in mutant and control cells showed clearly that LAX28 is an axonemal protein, 262 dependent for its localization on the presence of CFAP44 and IC140. Interestingly this 263 dependency was found to be reciprocal, as both CFAP44 and IC140 were lost from the 264 axoneme in ΔLAX28 mutants. One likely explanation for these observations is that LAX28 is 265 required for incorporation of the IDA f/I1 and the T/TH complex into the 96 nm repeat. This 266 would also explain the loss of IDA electron density observed by TEM. 267
Tracking in situ tagged IC140 and CFAP44 proteins in ΔLAX28 mutants through the cell cycle ΔIC140 or ΔCFAP44 mutants may have a similar explanation (Fig. 2 B) . This is in contrast to 279 the complete loss of CFAP44::mNG signal following loss of LAX28 (Fig. 2 D) and complete 280 depletion of IC140::eYFP signal in ΔCFAP44 mutants ( Fig. 2 A) . Setting aside the possibility 281 of technical variations, this could indicate that CFAP44 is not assembled into the IDA f/I1 20S 282 complex in the cytoplasm is or subject to more rapid turnover in cells that lack LAX28 and that 283 IC140 is degraded more quickly in absence of CFAP44. 284
Loss of LAX28 reduces swimming speed and directionality to levels similar to those observed 285 for ΔIC140 or ΔCFAP44 mutants, consistent with a functional link between these proteins in 286
Leishmania. With respect to flagellar curling rates, the ΔLAX28 cells (38% curling) do however 287 not fully phenocopy the ΔIC140 cells (67% curling). There are at least two alternative 288 explanations that could account for this discrepancy: first, the loss of LAX28 reduced IC140 289 protein to levels below the detection limit of the fluorescence microscope, but it is possible that 290 a sufficiently small number of IC140 proteins remained in the axoneme, so that curling rates 291 inΔLAX28 mutants remained below those observed in an IC140 null mutant. Alternatively, the 292 loss of LAX28 may affect other IDA-related structures in addition to IDA f/I1, either some of the 293 single-headed IDAs or accessory complexes. This loss may counteract the effect of IC140 loss 294 to some extent, so that the net result is an intermediate rate of curling. 295
While the reduction of TEM electron density at the location of IDAs in ΔLAX28 mutants ( Fig.   296 3) is consistent with an IDA f/I1 assembly defect, the residual electron density indicates that at 297 least some of the other IDA heavy chains (a-e and g) remain. This aligns with previous findings 298 in Chlamydomonas, where each IDA is independently targeted to its location within the 96 nm 299 repeat, causing gaps if assembly of one IDA fails. This gap will be reflected as reduced electron 300 density in thin sections, but not complete absence of signal (Bui et Euglena gracilis has been characterised as a photoactivated adenylyl cyclase, containing two 350 BLUF domains, that regulates flagellar motility by controlling intraflagellar levels of cyclic AMP 351 (Iseki et al., 2002) . A role in light-sensing for MOT7 seems worth exploring, since 352
Chlamydomonas clearly undergoes phototaxis (Bennett and Golestanian, 2015). While 353
Leishmania is not known to respond to light, BLUF domains may also function in redox-354 dependent signal transduction (Gomelsky and Klug, 2002) . Thus, whether LAX28 is required 355 only for IDA assembly or whether it contributes more directly to its regulatory role in the 356 axoneme remains to be studied. 357
Given the role of IDA f/I1 as a regulatory hub for the modulation of flagellar waveforms one 358 might perhaps predict that this is precisely where cell-type or species-specific proteins are 359 required. Their role might be to orchestrate the conserved basic mechanisms of flagellar bend 360 generation in biologically appropriate ways to produce the observed diversity of beating 361 patterns. Further work in this area will no doubt benefit from comparative studies between cell 362 types with a range of different behaviours. 363
While the precise phylogenetic relationship, if any, between LAX28, TEX47 and MOT7 remains 364 to be established, TEX47 should be followed up for a possible link to male infertility. Male 365 infertility affects about 7% of men and the genetic cause for this disease has been identified 366 for only 25%. While more than 3000 genes have been associated with spermatogenesis, less 367 than 0.01% of these have been linked to infertility (reviewed in Neto et al. (2016) ). Compound-368 heterozygous mutations and frameshift mutations in CFAP44 and CFAP43 have been 369 connected to male infertility (Tang et al., 2017) . While to our knowledge mutations in TEX47 370
have not yet been linked to male infertility, the predominant expression of TEX47 in human 371 testis (Fagerberg et al., 2014) its presence in the human sperm tail proteome (Amaral et al., 372 2013 ) and the results presented in this study for LAX28 suggest it may have a role in the 373 regulation of sperm motility. 374 was isolated and supplemented with 5 µl 20% SDS solution ( Fig. 1 (i) ). The remaining cell 395 suspension was centrifuged again and resuspended in 2.5 ml 10 mM PIPES [10 mM NaCl, 10 396 mM piperazine-N,N′-bis(2-ethanesulfonic acid, 1 mM CaCl2, 1 mM MgCl2, 0.32 M sucrose, 397 adjusted to pH 7.2], containing protease inhibitor cocktail and octylglucoside (1% (w/v) final 398 conc.). Cells were left on ice for 5 min and centrifuged for 10 min at 2000g. 50 µl of supernatant 399 was isolated and supplemented with 5 µl 20% SDS solution ( Fig. 1 (s/n 1) ). 1.25 ml cold 10 400 mM PIPES buffer, containing protease inhibitor cocktail, octylglucoside (1% (w/v) final conc.) 401 and 1 M NaCl was added to the pellet and vortexed for 60 sec. After incubation for 30 min on 402 ice, the solution was centrifuged at 12,200g for 20 min. 50 µl of supernatant was isolated and 403 supplemented with 5 µl 20% SDS solution (Fig. 1 (s/n 2) ). The pellet was resuspended in 1 ml 404 cold 10 mM PIPES buffer, containing a protease inhibitor cocktail and 0.32 M sucrose. The 405 sample was loaded on top of a sucrose-bed containing one layer of 10 mM PIPES with 33% 406 w/v sucrose [10 mM NaCl, 10 mM piperazine-N,N′-bis(2-ethanesulfonic acid, 1 mM CaCl2, 1 407 mM MgCl2, adjusted to pH 7.2 with 0.96M sucrose] and centrifuged at 800g for 15 min. While 408 the top layer was centrifuged again at 12,200g for 20 min the remaining sucrose-bed was 409 discarded. After centrifugation the supernatant was discarded and the pellet resuspended in 410 100 µl PBS containing protease inhibitor cocktail and 2% SDS (Fig. 1 (iv) ). Proteins were 411 quantified using BCA assay. For Coomassie gels samples were mixed with 4x Laemmli buffer 412 selected for HCD fragmentation at 30% of normalised collision energy. HCD spectra were also 441 acquired in the Orbitrap (resolution 17500, AGC target 5e4, maximum injection time 120 ms) 442 with first fixed mass at 180 m/z. 443
Materials and Methods
Proteomic analysis 444
MS-data were analysed as previously described (Beneke et al., 2019) . Briefly, MS-data was 445 converted from .RAW to .MGF file using ProteoWizard and uploaded to the Central Proteomics 446
Facilities Pipeline (CPFP (Trudgian et al.) ). Protein lists were generated by using CPFP meta-447 searches against the predicted L. mexicana proteome (gene models based on (Fiebig et al., 448 2015)), followed by label-free SINQ quantification (S1 Table) . Proteins that were exclusively 449 identified in ΔCFAP44 mutants were generally of low abundance (2 or 3 detected peptides; 450 S1 and S2 Table) , with the exception of beta tubulin (LmxM.08.1230) for which 48 detected 451 peptides were recorded inΔCFAP44 mutants. However, only 1 out of those 48 peptides was 452 unique (spectral count 1; S1 and S2 Table) . This suggests that proteins exclusively identified 453 in the ΔCFAP44 mutants may represent false positives and they were not further analysed in were vortexed for 60 sec and incubated for 30 min on ice. The solution was centrifuged at 465 17,000g for 2 min and the pellet washed once in PBS. Cells were pelleted again, resuspended 466 in 10 mM PIPES buffer and pipetted onto a glass slide for viewing under a microscope. 467
CRISPR-Cas9 gene knockouts and tags 468
Gene deletion and tagging was essentially done as described in Beneke et al. (2017) . The 469 online primer design tool www.LeishGEdit.net was used to design primers for amplification of 470 the 5' and 3' sgRNA templates and for amplification of donor DNA from pT and pPLOT 471 plasmids. Following transfection with pPLOT-cassettes, limiting dilution was used to generate 472 clonal tagged cell lines (Beneke and Gluenz, 2019) . These were then subjected to gene 473 deletions using two different pT cassettes and selected as populations. 474
Addback construction 475
The ORF of LAX28 was amplified using primers F: 5'-TTAGCAACTAGTATGGAACAG 476 For transmission electron microscopy, cells were prepared with a chemical fixation protocol 495 similar to (Hoog et al.). Briefly, cells were fixed with 2.5% glutaraldehyde and 4% 496 paraformaldehyde in M199 culture medium for 2 hours at room temperature. Fixed cells were 497 washed six times for 10 min in 0.1 M PIPES buffer at pH 7.2. Wash four of six was supplement 498 with 50 mM glycine. Cells were embedded in 4% low melting point agarose and incubated in 499 1% osmium tetroxide and 1.5% potassium ferrocyanide in 0.1 M PIPES buffer at 4 °C for 1 500 hour in darkness. Samples were then washed five times with ddH2O for 5 min each time and 501 stained with 0.5% uranyl acetate in darkness at 4°C overnight. Samples were dehydrated, 502 embedded in epoxy resin, sectioned and on-section stained as described previously (Hoog et 503 al., 2010) . Electron micrographs were captured on a Tecnai 12 TEM (FEI) with an Ultrascan 504 1000 CCD camera (Gatan). 505
Image processing 506
All micrographs were processed using Fiji (Schindelin et al., 2012) . To allow comparison 507 between the fluorescent signal in tagged cell lines, the same settings were used to display the 508 green fluorescence channel. Channel settings were set for CFAP44::mNG tagged cell lines 509 7,000 to 20,000, for IC140::eYFP tagged cell lines 6,000 to 11,000 (except in Fig. 2 A, 17 ,000 510 to 22,000) and for LAX28::mNG tagged cell lines 5,000 to 12,000. Settings were identical for 511 the tagged cell line and additional knockouts and addbacks on top of the tagged cell lines. 512
For average rotation of axonemes in TEM images, nine sections from each cell line were 513 average rotated as previously described (Gadelha et al., 2006; Wheeler et al., 2015) . The 514 resulting images were aligned using the "Align image by line ROI" function in Fiji (Schindelin 515 et al., 2012) . A stack was generated from these aligned images and signals were averaged by 516 using the "Z projection" function. 517
Motility analysis 518
Motility analysis was performed as previously described in Beneke et al. (2019) using the 519 method from Wheeler (2017) . Directionality ([Velocity/Speed]) and mean speed was measured 520 for each mutant from three samples taken from cell cultures at a density of approximately 6·10 6 521 cells/ml. 5 μl of cell culture was placed on a glass slide in a 250-μm deep chamber covered 522 with a # 1.5 cover slip and imaged using darkfield illumination with a 10× NA 0.3 objective and 523 a Hamamatsu ORCA-Flash4.0 camera on a Zeiss Axioimager.Z2 microscope at the ambient 524 temperature of 25-28°C. 525
Illumina sequencing 526
Leishmania genomic DNA was prepared using the Illumina TruSeq Nano DNA Library kit 527 according to the manufacturer's instructions. The final sequencing pool was quantified by 528 qPCR using the NEB Library Quant Kit and library size was determined using the Agilent High 529
Sensitivity DNA Kit on a 2100 Bioanalyzer instrument. The final library was multiplexed with 530 other sequencing samples and the Illumina sequencer was loaded with 1.8 pM. Sequencing 531 was performed using a NextSeq 500/550 High Output Kit v2.5 (2x75 cycles, 6 and 8 cycles 532 index read). 533
NextSeq raw files were de-multiplexed using bcl2fastq (Illumina) with 0 nt mismatch for indexes 534 and assembled using the Burrows-Wheeler Aligner (Li and Durbin, 2009 ). Samtools (Li et al., 535 2009) was used for sorting and indexing bam files. Bam files were viewed using the IGV 536 genome browser (Robinson et al., 2011) . 
